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ABSTRACT 
The NAD and NADP system was measured in freeze-dried samples (0.3 fJ-g) of 
epidermis, hair follicle, sebaceous gland, sweat gland, and dermis by means of enzyme 
cycling methods. The absolute concentration of nucleotides ranged from 10-15 to 10-u 
moles in an assay with 1:40,000 tissue dilution at the enzyme cycling step. The total 
NAD was distributed similarly in the cutaneous organs, and its concentration was 
approximately 1 mfJ- mole per mg dry weight. The degree of oxidation of NAD was 
lowest in sebaceous gland. Less than 40 per cent of the total N AD was in the reduced 
state in the skin. The concentration of total NADP ranged from 100 to 300 fJ-P. moles 
per mg dry weight, 50-70 per cent of which was in the reduced form. The concentration 
of both total N ADP and N ADPH was highest in sebaceous gland; the ratio of N AD 
to NADP was lowest in sebaceous gland. The higher concentration and higher degree of 
reduction of the NADP system in sebaceous gland coincides with the fact that the 
activities of NADP-dependent enzymes are higher in sebaceous gland and that this 
gland is the most active site of lipoO'enesis in skin. The concentration of nicotinamide 
adenine nucleotides and the degree of their reduction increased in proliferating and 
migrating epithelium during wound healing. 
Quantitative histochemical data are available 
regarding all of the glycolytic enzymes in the 
kin and its appendages (1). Enzyme analysis 
provides a valuable parameter for the assess-
ment of intermediate metabolic reactions. How-
ever, thorough evaluation and understanding of 
histochemical activity requires direct measure-
ment of the metabolic intermediates and co-
factors. Techniques providing these data should 
prove more sensitive than analysis of enzyme 
activities. 
Measurement of nucleotides in samples as 
small as 10-15 moles is possible through ampli-
fying the sensitivity of the technique by means 
of enzyme cycling (2). Application of this 
method to the steady-state measurement of 
metabolic intermediates could be accomplished 
by coupling the nucleotide systems with com-
mercially available enzyme preparations (3). 
The present study represents an attempt to 
adapt the enzyme cycling technique to the 
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investigation of limited skin samples. NAD:t: 
and NADP, and their reduced forms, have 
been analyzed in epidermis, dermis, and dermal 
appendages. Succe sful application of this ultra-
microanalytic method to the skin will prove 
useful in further defining intermediate metabolic 
reactions within limited tissue areas: wound 
healing, tumor growth, and tissue culture. 
MATERIAL AND METHODS 
Normal abdominal and inguinal skin samples, 
obtained from three elderly female patients during 
operative procedures, were washed in cold running 
tap water for 10 minutes and were frozen immedi-
ately in liquid nitrogen. The tissues were sectioned 
20 f..t in thickness in a cryostat, dried in a vacuum, 
and stored at -20° C (4). Microscopic dissection 
of the lyophilized tissues provided 0.3 f..tg samples 
for analysis. The samples consisted of isolated 
epidermis excluding stratum corneum, hair follicles, 
eccrine and apocrine sweat glands, sebaceous 
glands, and dermis. The purity of dissected sam-
ples is greater than 90 per cent. 
One f..tl of cold 0.02 N NaOH containing 1 mM 
cysteine is added to each tissue sample and the 
t The abbreviations used in this paper are as 
follows: NAD-Nicotinamide adenine dinucleo-
tide. N ADH-Reduced nicotinamide adenine dinu-
cleotide. NADP-Nicotinamide adenine dinucleo-
tide phosphate. NADPH-Reduced nicotinamide 
adenine dinucleotide phosphate. 
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Fro. 1. Effect of tissue concentration on values 
obtained for total N AD and total N ADP in frozen-
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FIG. 2. Standard curve of authentic nicotinamide 
adenine nucleotide. The concentration of nucleo-
tides is at the enzyme cycling step. Each point is 
a mean of triplicate determinations. 
TABLE I 
R ecovery of nicotinamide adenine nncleolides added lo samples of f rozen-cl?·ied t1:ssue 
Total amount 
Tissue Wt. of tissue N ucleotides added Substrate measured 
Found* I Calculated 
(JLg) ()L~o~m/mg) 0L~o~m/mg) 
Epidermis 0.54 0 Total NADP 197 -
0.51 NADP, 65 489 458 
NADPH, 19G 
Epidcrmi.R 0.43 0 NADPH 113 -
0 .34 NADPH, Gl 724 731 
Hair follicle 0.45 0 116 -
0 .55 ~JADP , 194 Total NADP 306 310 
Hair folliele 0.52 0 NADPH 77 -
0.47 NADPH, 4-!7 517 524 
Epidermis 0 .31 0 T otal NAD 1,122 
0.2 NAD, 1,278 2,307 2,400 
Epidcrmil'l 0 .33 0 NADH 422 
0.3G NADH, 553 974 075 
• ·crin O'land 0 .3G 0 NADH 51 
0.33 NADH, 604 1,075 1,122 
* Each figure i a mean of G- 10 analyses. tandard errors are comparable to those given in Tables II 
and III. 
tube are plac d in ice water. Total NAD and 
N DP is measured in the alkaline suspension with-
out further treatment. For the measurement of 
J DH and N ADPH the suspen ion is heated for 
10 minut at 60° C. NAD and N DP a.re unstable 
in alkali. wherea the reduced forms of these nu-
cleotides (NADH, NADPH) are quite stable (5). 
Cycling reagents are prepared as described by 
Lowry (2) with 50 p.g per ml of glucose-6-phos-
phate dehydrogenase and 250 IJ.g per ml of gluta-
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TABLE II 
Distribution of total NADP and NADPH in human skin 
Specimen* Total NADP NADPH N AD PH/ Total ADP 
Epidermis I 108.1 ± 3.3t 66.9 ± 5 .2 0 .62 
II 125.7 ± 11 .2 78.1 ± 4.6 0 .62 
H air follicle I 115 .8 ± 9.9 77 .2 ± 4.3 0.67 
II 137.3 ± 15.7 68.9 ± 4. 5 0.57 
Sebaceous gland I 188.1 ± 12 .8 130.6 ± 16.1 0 .70 
II 275.0 ± 33.6 202.2 ± 19 .3 0 .74 
Eccrine gland I 102.7 ± 7 .5 41.2 ± 6.3 0.40 
II 314 .9 ± 36.5 89.7 ± 11.1 0 .28 
Apocrine gland I 141. 6 ± 19 .1 75. 6 ± 13. 1 0 .53 
II - - -
Dermis I 10 .1 ± 0 .7 5.4 ± 0 .5 0.53 
II 6.7 ± 1.3 3.7 ± 1.0 0.55 
* Specimen I is from t he inguinal skin and II is abdominal. 
t Concentrations are expressed as J.LJ.L moles/ mg dry weight. Each figure represents a mean of 6-10 
determination ± standard error. 
TABLE III 
Distribution of total N AD and N A DH in human skin 
Specimen* Total NAD NADH NADH/Total NAD 
Epidermis I 1,040 ± 20t 386 ± 43 0.37 
II 1,122 ± 60 390 ± 51 0.35 
Hair follicle I 907 ± 90 261 ± 26 0.29 
II 1,023 ± 68 385 ± 58 0 .37 
Sebaceous gl and I 943 ± 28 439 ± 19 0.47 
II 917 ± 42 415 ± 81 0.45 
Eccrine gland I 884 ± 74 402 ± 57 0 .45 
II 1,377 ± 172 518 ± 38 0.37 
Apocrine gland I 1,370 ± 140 503 ± 100 0 .37 
II - - -
Derruis I - - -
II 74 ± 12 10 ± 2 0 .13 
* Specimen I is from t he inguinal skin and specimen II is abdominal. 
t Concentrations are expressed as J.LJ.L moles/ mg dry weight. Each figure represents a mean of 6-10 
determination± standard error. 
mate dehydrogenase for either NADPH or total 
NADP and with 20 p,g per m1 of lactate dehy-
drogenase and 200 J.Lg per m1 of glutamate dehy-
drogenase for NADH or total NAD. 
T en p,l of the appropriate cycling reagent is 
added to each tube. NAD and NADP serve as the 
standards for both the oxidized and reduced forms; 
appropriate blanks are carried throughout the pro-
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cedure. The cycling time is 1.5 hours for total 
NADP NADPH, and NADH, and one hour for 
total NAD. The subsequent reactions, after cycling, 
are performed in 3 ml fluorometer tubes! ~nd the 
native fluorescence of NADPH and alkali mduced 
fluorescence from N AD are measured in a final 
volume of 1 ml. 
Measurement of total NADP and total NAD in 
variable quantities of lyophyilized epidermis (Fig. 
1) proved linear (Fig. 2). Validity of the technique 
was confirmed by recovery experiments in which 
nucleotides were added to the tissue sample (Table 
I). 
RESULTS 
The concentrations of nicotinamide adenine 
nucleotides in the skin and its appendages are 
ummarized in Tables II and III. In general, 
N AD was present in the oxidized form and 
N ADP was present in the reduced form. The 
content of NAD exceeded that of NADP by a 
factor of 8-10 in epidermis, hair follicle, and 
sweat O'land and by a factor of 4 in sebaceous 
gland. 
Total N AD was distributed uniformly in the 
epidermis and dermal appendages (Table III). 
The sebaceous gland samples exhibited a greater 
degree of reduction ( 45%) than other samples 
(37%) . The percentage of reduced N AD in the 
skin wa higher than in other tissues, such as 
liver, brain, and blood. Twenty to 30 per cent 
of N AD was in reduced form in liver and brain 
and 45 per cent in blood (2). 
Total N ADP also was distributed uniformly 
except for a 2-fold increase in the sebaceous 
gland samples. The degree of reduction was 
high in epidermis, sebaceous glands, and hair 
follicl and low in sweat glands and dermi 
(Table II). The NADPH/ total NADP ratio 
wa 0.62 in epidermis, 0.72 in sebaceous gland, 
and 0.6 in hair follicle; and 0.53 in apocrine 
sweat gland and dermis, and 0.34 in eccrme 
sweat gland. The ratio of NADPH to total 
NADP was 0.80 in liver, 0.75 in brain, and 
0.45 in blood (2). 
Similar measurements were undertaken in the 
regenerating epithelium three days following 
experimental wounding in guinea pigs to fur-
ther investigate the dynamics of the N AD and 
NADP systems. A gradient for NADH was 
observed between normal, proliferating, and 
migrating epithelium, with a dramatic increase 
being noted in the NADH/total NAD ratio in 
migrating epithelium (Table IV). The repairing 
epithelium contained an increased concentration 
of NADPH (Table IV); the NADPH/ total 
NADP ratio was increased in both marginal 
proliferating epithelium and migrating epi-
thelium. 
DISCUSSION 
The NAD/ NADP ratio is low in sebaceous 
glands as compared to other cutaneous organs, 
and this may indicate a predominance of the 
NADP system in sebaceous glands. The finding 
of a higher concentration of the NADP 
system, with a high concentration of its re-
duced form, in sebaceous glands is not surpris-
ing. Sebaceous glands have higher activities of 
NADPH producing enzymes, such as glucose 
6-phosphate, 6-phosphogluconate, and isocitrate 
dehydrogenase (7, 8). Abundance of NADPH 
in tissue is essential for synthetic processes and 
sebaceous glands are the most active sites of 
lipogenesis in the skin. The balance study of 
cytoplasmic nicotinamide adenine nucleotides 
indicates an excess supply of NADPH in hair 
follicles, especially in growing follicles (9). The 
low nicotinamide adenine nucleotide content of 
dermis is in accord with the general inactivity 
of a variety of enzymes. 
Previous investigations based on analysis of 
TABLE IV 
Changes of nicotinamide adenine nucleotides in the regenerating epithelium of 3-day 
old wound on the back skin of guinea pig 
Concentration ar expressed as JJ.JJ. moles per mg dry weight tissue. Each figure represents a mean of 
6 determinations ± tandard error. 
Epithelium Total NADP NADPH AD PH/total Total NAD NADH NADH/ total NADP NAD 
Normal 61.5 ± 4.8 42.5 ± 6.7 0 .69 470 ± 51 160 ± 34 0.34 
Marginal 9 .5 ± 4.7 78 .2 ± 2.0 0.79 663 ± 32 243 ± 23 0.36 
Migratinu 100.3 ± 10.2 3.0 ± 4.9 0.83 540 ± 69 377 ± 22 I 0 .69 
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enzyme activity have demonstrated the in-
creased enzyme activities of marginal prolif-
erating and migrating epithelium (6). A promi-
nent increase in glucose-6-phosphate dehydro-
genase and some glycolytic enzyme activities 
has been observed during the first three days 
of wound healing. Isotopic study on the over-all 
metabolic reaction has demonstrated that the 
contribution of the pentose phosphate cycle to 
glucose metabolism and the rate of the net 
formation of cytoplasmic NADH and NADPH 
increase in 3 day wounds (10). The increased 
concentrations of reduced NAD and NADP in 
regenerating epithelium correlate well with the 
data derived from enzyme analyses. 
The significance of the present study lies in 
demonstrating that the enzyme cycling 
technique is applicable to the skin and its 
appendages and in demonstrating that this 
technique can be used for quantitative histo-
chemical measurement of metabolic interme-
diates in small amounts of tissue. Histochemical 
distribution of certain metabolites is being 
elucidated in current investigations, i.e., glycogen 
is present in high concentration in hair follicles 
and eccrine sweat glands, and ATP is present 
in high concentration in epidermis and eccrine 
sweat glands. 
REFERENCES 
1. Adachi, K.: Enzyme activities in mammalian. 
pigment cells, p. 223, Advances in Biology, 
of Skin, Vol. 8. Eds., Montagna, W. and Hu,. 
F., Pergamon Press, Oxford, 1967. 
2. Lowry, 0. H., Passonneau, J. V., Schulz, D. W. 
and Rock, M. K.: The measurement of 
pyridine nucleotides by enzymatic cycling. 
J. Biol. Chern., 236: 2746, 1961. 
3. Gatfield, P. D., Lowry, 0. H., Schulz, D. W. 
and Passanneau, J . V.: Regional energy re-
serves in mouse brain and changes with 
ischemia and anesthesia. J. Neurochem., 13: 
185, 1966. 
4. Lowry, 0. H.: Quantitative histochemistry of 
brain: histological sampling. J . Histochem. 
Cytochem., 1: 420, 1953. 
5. Lowry, 0. H., Passanneau, J . V. and Rock, 
M. K.: The stability of pyridine nucleotides. 
J . Biol. Chern., 236 : 2756, 1961. 
6. Im, M . J. C. and Hoopes, J. E .: Enzyme ac-
tivities in the repairing epithelium during 
wound healing. J. Surg. Res., 10: 173, 1970. 
7. H ershey, F. B., Lewis, C., Murphy, J . and 
Schiff, T.: Quantitative histochemistry of 
human skin. J. Histochem. Cytochem., 8: 41, 
1960. 
8. Hershey, F. B.: Hormone and enzyme mecha-
nisms in sebaceous gland excretions. J. In-
vest. D erm., 32: 1, 1959. 
9. Adachi, K. and Uno, H .: Some metabolic pro-
files of human hair follicles, Advances in 
Biology of Skin, Vol. 9. Eds., Montagna, W. 
and Dobson, R., Pergamon Press, Oxford, 
1969. 
10. Im, M. J. C. and Hoopes, J. E.: Energy me-
tabolism in healing skin wounds. In prepara-
tion. 
